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FLIGHT INVESTIGATION OF XB-70 STRUCTURAL RESPONSE TO 

OSCILLATORY AERODYNAMIC SHAKER EXCITATION AND 

CORRELATION WITH ANALYTICAL RESULTS 

James M. McKay and Eldon E. Kordes 
Flight Research Center 

and John H. Wykes 

North American Rockwell Corporation 
INTRODUCTION 


As a result of recent aircraft mission and design requirements, new, more flexible 
airframe configurations are being developed. Among the factors contributing to the 
increased flexibility are thin lifting surfaces, long slender fuselages, low mass fraction 
structures, high design stress levels, and low design load factors. These factors, 
coupled with supersonic speeds, have made the prediction of aeroelastic response more 
complex. The structural deformations brought about by the increased flexibility result 
in significant changes in an airplane' s aerodynamics and resultant stability. In addition, 
the problems associated with estimating the mass, structural, and aerodynamic charac- 
teristics that combine to form an analytical model of a large, flexible aircraft become 
more complex and difficult to resolve. 

The XB-70 airplane is typical of the new generation of large, highly flexible air- 
craft. Early analysis of XB-70 flight data obtained in mode rate-to- rough turbulence 
(ref. 1) at supersonic speeds indicated marked structural motion at the pilot' s station 
in the first four symmetric structural modes. Although previous analytical studies 
(refs. 2 and 3) based on early XB-70 design characteristics had, in general, predicted 
this motion, the agreement between the calculated aircraft response and that obtained 
from flight data was, on the whole, not good (ref. 4). Thus it became important to 
examine and attempt to reconcile some of the differences between the flight- measured 
response of the airplane and the response predicted analytically. 

A flight investigation was made with the XB-70-1 airplane to measure the low fre- 
quency symmetric structural response and damping characteristics throughout the 
operating envelope. A system was installed on the airplane that excited the low fre- 
quency symmetric modes by controlled inputs. This paper presents the vertical 
response measured at various locations on the airplane during subsonic and supersonic • 
flight. The flight data are compared with calculated results from reference 3 and with 
an updated analysis. 


SYMBOLS 


Physical quantities in this report are given in the International System of Units (SI) 
and parenthetically in U. S. Customary Units. The measurements were taken in 
Customary Units. Factors relating the two systems are presented in reference 5. 
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forcing frequency 
acceleration of gravity 

structural mode damping (structural plus aerodjmamic) 
structural damping constant, mode i 

pressure altitude 

control system gain associated with subscripted parameter 

distance from flight augmentation control system accelerometer 
to vehicle center of gravity 

Mach number 

normal load factor 

incremental normal load factor 

pitching rate about Y-axis 
Laplace operator 

resultant velocity at center of gravity 

angle of attack 
control surface deflection 
servo output displacement 
servo command input 

shaker vane deflection; positive deflection produces positive 
lift force 

wingtip deflection 

generalized coordinate; subscript indicates mode 

density of air 

phase angle 
th 

i normalized mode shape 
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< 

slope of i^ 1 normalized mode 

a. = 57.3 real part of the root of the characteristic equation as in (s + a* ± coj) 

CO 

forcing frequency 

CO. 

1 

natural frequency of i^ 1 mode 

Subscripts: 


e 

all elevons except inboard 

FACS 

flight augmentation control system 

i 

generalized structural mode identification 

P 

pilot 

1 

inboard elevon 

2,3,4, 5,6 

identification of individual elevon panels exclusive of inboard panel 


ABBREVIATIONS 

BP 

butt plane 

FS 

fuselage station 

HS 

canard horizontal station 

VS 

vertical stabilizer station 

WP 

waterplane 


TEST APPARATUS 


Airplane 

The XB-70 (fig. 1) is a large, delta-winged, multiengined jet airplane designed by 
North American Rockwell Corporation for supersonic cruise at a Mach number of 3.0 
at altitudes above 21,336 meters (70,000 feet). Two airplanes, designated the XB-70-1 


and XB-70-2, were built. This investigation was conducted with the XB-70-1. The 
general configuration and overall dimensions of the XB-70-1 are shown in figure 2. The 
basic design incorporates a thin, low-aspect-ratio wing with the leading edge swept 
back 65. 57°, folding tips, twin vertical stabilizers, and a movable canard with a trailing- 
edge flap. The dihedral of the wings of the XB-70-1 is 0°. 
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Stability Augmentation System 


The structural response data presented in this report were obtained with the 
XB-70-1 stability augmentation system engaged. 

The flight augmentation control system (FACS) is a conventional command augmen- 
tation system designed to improve handling qualities by operating simultaneously with 
the hydromechanical column- to- surface control system. A block diagram of the pitch 
augmentation system is shown in figure 3. Signals from a transducer actuated by pilot 
inputs are combined with signals from aircraft response sensors (gyro and accelerom- 
eter) in the electronics of the FACS to produce mechanical servo displacements. These 
displacements add to, or subtract from, the pilot' s mechanical inputs at the master 
cylinder to provide the desired control surface motion without force feedback to the 
controls. After the pilot 1 s input and the aircraft' s response signals are modified by 
the appropriate gains, they are filtered to reduce the transmission of high frequency 
motions. Then the gain levels are varied according to altitude by the central air data 
system (CADS) to compensate for changes in control surface effectiveness. Finally, 
the signals are transmitted to the control surface through the FACS servo. This signal 
commands the motion of the inboard elevon panel; the motion of this panel, in turn, 
commands the motion of all the remaining outboard panels (fig. 2). With the wingtips 
in the 0° position, all five outboard panels are slaved to the inboard panel. In the 25° 
and 65° wingtip positions, the two outer panels are disengaged and centered, and the 
three remaining outboard panels are slaved to the inboard panels. 

The FACS and its frequency response characteristics are described in detail in 
reference 3. 


Vibration Excitation System 

As shown in figure 4, movable aerodynamic vanes, trapezoidal in planform and 
0.185 square meter (2 square feet) per panel in area, were mounted on each side of the 
forward fuselage in front of the pilot' s station. The excitation system was designed to 
produce a controlled, oscillatory motion of the airplane in flight. The shaker vane 
system, operational procedures, and safety features are described in detail in appen- 
dix A. 


INSTRUMENTATION AND RECORDING 


The structural response of the airplane to shaker vane excitation was sensed by 
instrumentation installed for an earlier experiment (ref. 6). Table 1 lists the charac- 
teristics of the instrumentation and the parameters recorded. The locations of the 
v accelerometers, which measured the airplane' s response, are shown in figure 5. The 
parameters used for monitoring the performance of the shaker vane system and the 
structural integrity of the airplane are listed in table 2. 

Onboard flight data were recorded on magnetic tape using either analog or digital 
techniques, depending on the parameters and their frequency response requirements. 
The magnetic tape generated by the airborne system was processed by a ground station 
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computer to convert the data to engineering units. The analog and digital data acquisi- 
tion systems are described in references 7 and 8. 

Strain gages were installed at two locations on the shaker vane system, which is 
described in appendix A. A bending bridge was installed just inboard of the left vane 
to measure the vane* s vertical bending moment. An axial strain-gage bridge was 
installed on the link between the actuator and the center section belle rank. Both the 
vane bending bridge and thle link axial bridge were part of the automatic safety shutoff 
system, which protected the shaker vane system from excessive loads. A strain-gage 
control -position transmitter was installed between the actuating cylinder and the 
center 'section bellcrank, and was calibrated to record the rotary displacement of the 
vanes in degrees. 


FLIGHT CONDITIONS 


The flight conditions selected for the structural response tests were generally 
representative of the XB-70 flight envelope (fig. 6). The airplane weights, the location 
of the center of gravity, and other flight- test conditions are given in table 3. 

<i 

TEST PROCEDURES 


The first tests with the shaker vane were made at low Mach numbers. Because 
of flight safety restrictions, the tests were performed during wings-level, lg, trimmed 
flight in smooth air. The system was not operated during maneuvers or when the air- 
plane was in turbulence. 

A flight-test buildup technique was used. A test was started at low vane amplitudes 
and the vane forcing frequency was gradually increased until the mode being investigated 
was excited. Each frequency sweep was made at a constant vane amplitude. This 
technique was used for each Mach number and altitude condition investigated. All the 
tests were made for a vane amplitude of ±4° after it was determined that this angle 
provided the required response without exceeding safety limits. 

During shaker vane operation, the modal frequencies and amplitudes were monitored 
primarily by the accelerometer at the nose ramp (fig. 5), which was just in front of 
the cockpit near the shaker vane. The response at this location was also representative 
of the response at the pilot’ s station; thus the telemetered data were indicative of the 
response experienced by the operator. The acceleration at the nose ramp, along with 
the other parameters telemetered for ground monitoring of the shaker vane system 
and the aircraft’ s structural integrity, was monitored on strip charts. 

Once a mode was defined, structural damping information was obtained. Because 
of fuel consumption and the associated change in airplane mass, it was necessary to 
reestablish the mode being investigated. Once excited, the modal frequency was 
allowed to stabilize. The shaker vane system was then shut down abruptly, and data 
were recorded until the telemetry indicated that the responses were completely damped 
out. 
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ANALYSIS 


Although detailed calculations of the response of the XB-70 airplane were made in 
references 2 to 4, the conditions analyzed were not readily obtained in flight. To com- 
pare flight-test results and analytical results, response calculations were made as 
part of this investigation for the weights, altitudes, and Mach numbers actually tested. 
These conditions are shown in table 3 for Mach numbers of 0.87, 0. 86, and 1.59. The 
method of analysis, which is based on the methods of reference 2, is described in 
appendix B. The approach taken to update the early design values of airplane mass and 
stiffness to the flight-test conditions is explained, and the calculations made to examine 
the effects of using quasi-steady and unsteady aerodynamics for the wing at subsonic 
speeds are described. The analytical description of the flight control system used in 
the analysis is presented in appendix C . 


RESULTS AND DISCUSSION 


Structural Response 

Measured airplane response . — The measured vertical acceleration response due to 
sinusoidal shaker vane excitation for the flight conditions listed in table 3 is shown in 
figures 7 to 10 for locations on the fuselage, canard, and wing. The response is pre- 
sented in terms of g per degree of shaker vane displacement at varying excitation 
frequencies. Incremental values of acceleration were used for the response. For a 
given shaker vane displacement, the Vane force was constant throughout the frequency 
range of the tests. 

For the heavyweight, Mach 0. 87 flight condition, there was considerable scatter in 
the data for the canard and wing accelerations outboard of BP 7. 11 meters (280 inches). 
Consequently, these data are not shown. Accelerometer output signals indicated that 
at this flight condition the surfaces were excited by a random force (noise) as well as 
by the shaker vane force. An investigation (ref. 9) revealed that leading- edge flow 
separation which had occurred at the canard upper surface was still present at Mach 0.9 
and an angle of attack of 4° . Although this unsteady flow was more pronounced at lower 
Mach numbers, the heavyweight, Mach 0. 87 condition was flown at an angle of attack 
of 5. 5° in these tests, and it is believed that separated flow also existed for this' flight 
condition. The flow separation subsided as speed increased or angle of attack de- 
creased. Canard response for the Mach 1.59 flight condition (fig. 9) is not shown 
because of an instrumentation malfunction. 

Calculated airplane response . - In figure 11 the measured vertical accelerometer 
response at the pilot’ s station is compared with the response calculated by using the 
modal solution discussed in reference 3. The calculations were based on early design 
information on structural stiffness and mass distribution. It was known that these data 
did not accurately describe the actual airplane. Inaccuracies were particularly pro- 
nounced in the airplane mass data, as is evident by comparing the flight weights in 
table 3 with those used in the analysis (table 4). Further, the measured ground vibra- 
tion frequencies of the airplane indicated that the actual vehicle was stiffer than calcu- 
lated by the analyses in reference 3. Because of these marked discrepancies, the cal- 
culated responses in figure 11 should more appropriately be considered as early design 
calculations. 



As a consequence of these results, a study was initiated to determine how to recon- 
cile the flight-measured characteristics of a flexible vehicle with the characteristics of 
an analytical model and to indicate whether it would be possible to predict a flexible 
flight vehicle' s characteristics using state-of-the-art techniques to estimate the mass, 
structural, and aerodynamic characteristics. The first step was to determine how well 
the response characteristics of a flexible airplane could be predicted analytically if the 
best known information were utilized. An analysis of the response characteristics of 
the XB-70-1 airplane was made which incorporated the increased stiffness shown by the 
natural frequencies measured in ground vibration tests. The analysis was made first' 
for the lightweight, Mach 0. 86 condition, and the results were compared with the flight- 
measured response reported in reference 4. The better agreement between the meas- 
ured and calculated response pointed out the improvement possible if more representa'- 
tive airplane characteristics were used. This, in turn, led to a more rigorous vehicle 
description. 

The weight accounting on the airplane was reviewed to determine the total weight 
and mass distribution for the flight conditions flown. These data, together with the 
structural mode data measured in ground vibration tests, were used to calculate new 
structural mode characteristics. The aerodynamics were also updated to reflect all 
the new information available, including wind-tunnel- test data. The methods used in 
updating the aerodynamics are described in appendix B. 

The revised data were used to analyze the airplane* s frequency response at three 
of the flight conditions listed in table 3: Mach 0. 87, 0. 86, and 1. 59. In figure 12 
some of the results of the updated analysis for the pilot* s station are compared with 
the flight-measured response. In both amplitude and frequency, better agreement 
between the measured and calculated response is apparent than shown in figure 11, 
which compares flight values with values calculated in the earlier analyses. The best 
agreement was for the first mode, particularly for the lightweight, Mach 0. 86 condition, 
with the damping of the second-third mode somewhat underestimated for all three flight 
conditions. In figures 13 to 15 the measured response for fuselage locations other than 
the pilot* s station for the three flight conditions is compared with results from the re- 
fined analysis using the quasi-steady aerodynamic theory. In general, the agreement 
of the calculated response with the flight-measured results was good enough to give 
confidence that the refined analysis could accurately predict the elastic nature of large, 
flexible aircraft. 

All the flight- measured data presented were obtained with the FACS operating, 
inasmuch as the airplane was normally operated in this manner. However, it was con- 
sidered' to be of interest to present some of the calculations of the acceleration response 
of the vehicle without the FACS engaged. These data, which were calculated by using 
refined data and quasi-steady wing aerodynamic theory, are presented in figures 16 
to 18 for the three flight conditions. The difference between modal response with and • 
without the FACS can be seen by comparing these data with data for the same locations 
in figures 12 to 15. The comparison shows that the FACS reduced the magnitude of the 
first structural mode to some extent, and occasionally reduced the peak of the second- - 
third mode slightly. For all the conditions analyzed, the FACS appeared to have little 
or no effect on the damping of the fourth mode. The data also show that the modal 
frequencies were the same with and without the FACS. 

One of the most significant factors studied was the effect of using unsteady wing 
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aerodynamic theory in the response calculations (appendix B). Only the lightweight, 
Mach 0.86 condition was analyzed, because unsteady aerodynamics are likely to be 
more pronounced at this Mach number than at any of the supersonic speed conditions 
for which flight-test data were available. The results, presented in figure 19 for the 
pilot’ s station, show that although the calculated response overestimates the damping 
of the fourth mode, the amplitude and frequencies of the first and second- third modes 
were more precisely predicted than with quasi-steady wing aerodynamic theory 
(fig. 12(b)), particularly for the second-third mode. The effects of using unsteady wing 
aerodynamics to calculate the response characteristics at other locations on the airplane 
are presented in figure 20 for the basic vehicle without the FACS and in figure 21 with 
the FACS. As expected, the use of unsteady wing aerodynamic theory in the analysis 
resulted in generally lower response levels along the fuselage because the same 
description of the XB-70 structure (that is, the normal mode form) was used in both the 
quasi-steady and unsteady aerodynamic analyses. The effect of including unsteady 
aerodynamics in the calculated response was basically the same with and without the 
FACS. 

It is believed that the lack of significant difference between the results found with 
quasi-steady and unsteady wing aerodynamic theory makes the use of unsteady aero- 
dynamic theory, with its additional computations, unwarranted for this configuration 
and frequency range. However, this conclusion may not be valid for other configura- 
tions or other types of response analyses. 


Damping 

The damping of the total airplane in flight is shown in table 5 for each structural 
mode investigated. Damping data were obtained for heavyweight, Mach 0. 87 and 
lightweight, Mach 0. 86 conditions, and for the mediumweight, Mach 1.59 condition. 
Damping data were not obtained for the Mach 2. 38 flight condition because the exact 
frequencies for the associated modes could not be determined from the telemetered 
readout in time to set up the proper test condition. 

In general, the calculations predicted the damping of the higher structural modes 
adequately but overpredicted the damping of the lower structural modes at subsonic 
speeds. Damping was calculated analytically using methods described in appendix B. 


CONCLUDING REMARKS 


A flight investigation was conducted with the XB-70-1 airplane to measure the low 
frequency symmetric structural response and damping characteristics of the airplane 
that resulted from shaker vane excitation at subsonic and supersonic flight conditions. 
The flight-measured response was compared with the response calculated by using 
early XB-70 design data and the response calculated by using updated mass, structural, 
and aerodynamic information. 

Although the early design analyses did not accurately predict the values of modal 
response or frequencies, they did estimate the general response of the airplane. 
Comparison of the calculated values of modal response with ground vibration test data 
showed that the analyses significantly underestimated the airplane’ s stiffness. Ad- 
justment of the data used in the analyses to represent the airplane* s actual stiffness 


8 


H-713 



resulted in better predictions of the flight characteristics. Further improvement in 
the calculated response was realized when an analysis was made using the flight-test 
mass and structural characteristics of the airplane together with quasi-steady wing 
aerodynamic theory. For high subsonic speeds, lower response levels were generally 
realized by using unsteady wing aerodynamic theory in the analysis instead of quasi- 
steady wing aerodynamic theory; however, for the XB-70-1 configuration, this slight 
improvement was not believed to justify the increased computational complexity. 

Although the flight tests were made with the stability augmentation system engaged, 
an analysis showed that the system had little effect on the airplane* s modal response. 

In general, the calculations predicted the damping of the higher structural modes- 
adequately, but overpredicted the damping of the lower structural modes at subsonic 
speeds. 


Flight Research Center, 

National Aeronautics and Space Administration, 
Edwards, Calif., August 15, 1972. 



APPENDIX A 


XB-70 VIBRATION EXCITATION SYSTEM 


Description 

The excitation system used in this study consisted primarily of a vane and torque 
tube assembly, an exciter drive assembly, and a control panel and amplifier (fig. 22). 

The vanes were composed of riveted skin and grid assemblies of 3340 stainless steel. 
Each vane had a span of 0. 609 meter (24 inches) with root and tip chords of 0.406 meter 
(16 inches) and 0.203 meter (8 inches), respectively. The airfoil was symmetrical : 
with 7.5 percent thickness at the root and 10 percent thickness at the tip. The maximum 
thickness was at 33 percent of the vane mean aerodynamic chord. The vane taper ratio 
was 2:1. The torque tube, or cross shaft, drove and interconnected the two vanes. 

The shaft was 0.102 meter (4 inches) in diameter and was fabricated from 4335 steel. 

The outboard shaft bearings were supported by beam fittings running between two 
frames at fuselage stations 8.57 meters (337.50 inches) and 8.24 meters (324.27 inches), 
respectively. The inboard shaft bearings were supported by fittings adjacent to an 
existing vertical web. Local reinforcement was provided around the points of attach- 
ment of the support fittings and around the shaft cutouts in the fuselage skin. 

The exciter vane drive assembly consisted of a hydraulic drive cylinder connected 
to the vanes through the torque tube. It was powered by one of the aircraft’ s hydraulic 
systems and controlled by an amplifier- valve drive assembly. The drive unit provided 
a controlled steady-state vane neutral angle, along with a separately controlled sinu- 
soidal input about the vane pitch axis of variable frequency and amplitude (fig. 23). 

Each of these parameters was varied by the use of calibrated cockpit controls. 

If the system’ s hydraulic pressure dropped as a result of hydraulic system failure, 
a check valve in the line to the main actuator held the fluid in the actuator cylinder and 
prevented loss of the fluid column stiffness. If hydraulic pressure were lost because 
of check valve failure or if the shaker system shut down, a mechanical lock returned 
the vanes to a preset trim position and locked them in place (fig. 24). More specifi- 
cally, a spring-loaded mechanism forced a roller assembly into a V-shaped cam. This 
provided greater vane pitching restraint than provided by the operating hydraulic sys- 
tem, since it locked the vane shaft into position against rotation. A spring preload 
was chosen that exceeded the airload-induced torque predicted for any point in the flight 
envelope. An auxiliary hydraulic actuator acted against the spring force to hold the 
system in the. unlocked position to allow normal operation of the vane. 


Performance 

The vane excitation system was capable of continuous operation in the frequency 
range from 0 cps to 8. 0 cps. However, to prevent interference with airplane handling 
qualities, the frequency range was limited to 1.4 cps to 8.0 cps. Vane amplitude was 
variable from 0° to ±12° on either side of a preselected (no load) vane trim position. 
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APPENDIX A - Continued 


The system was capable of operation up to a Mach number of 2.7, as shown in figure 25, 
except in the Mach number range from 1. 0 to 1. 59, where single-degree-of-freedom 
flutter was predicted. 

When not in operation, the vanes were held in a locked position by a mechanical 
spring force, with the leading edge of each vane at -6° relative to the fuselage refer- 
ence line. At the start of a test, the vanes were rotated for trim to zero load to a 
maximum of 5° on either side of the locked position. 


Automatic Safety Shutoff 

To protect the airplane and shaker system from unexpected vibration amplitudes, 
a safety system automatically shut off the vane drive system. The system returned 
the vanes to the preset trim position if preselected levels of forward fuselage vertical 
acceleration, nose-boom root vertical bending, vane actuator link load, or vane shaft 
vertical bending were exceeded. 


Pilot Controls and Displays 

A control and display panel (fig. 26) in the cockpit console area between the two 
pilots contained the following controls: 

Vane frequency control - A rotary knob geared to a linear transformer controlled 
the rate of vane oscillation. The numerical value of frequency selection was shown in 
the window of the control to the nearest hundredth. For ease of control, one full ro- 
tation of the knob represented a change in frequency selection of 1 cps. 

Vane amplitude control - A rotary knob was used to select a percentage of the 
available rotary movement of the shaker vanes. Maximum (100 percent) knob rotation 
represented a shaker vane rotation of 12° to either side of the preselected trim position. 

Vane incidence angle control - A rotary trim control was used to trim the shaker 
vanes to a zero load condition at the start of a test. When not in operation, the con- 
trol was positioned at L, which was the locked vane position with the leading edge of 
each vane at -6° relative to the fuselage reference line. At the start of a test, the 
control was rotated to either U or D to move the vane leading edge either up or down 
to obtain a zero load condition on the vane. Stops limited the knob movement to a 
maximum of 5° on either side of the locked position, which was adequate to trim the 
vanes for any flight condition encountered. 

Master power switch - All power to the system was off when the master power 
switch was in the off position, and the vanes were held in the locked position by a 
mechanical spring force. When the switch was in the L (locked) position, hydraulic 
power was supplied to the locking cylinder and the vane was held in the locked position . 
by both mechanical and hydraulic force. When the switch was in the on position, hy- 
draulic power was supplied to the auxiliary hydraulic actuator, which moved the system 
to the unlocked position against the mechanical spring force and allowed normal vane 
operation. Hydraulic power was also supplied to the main actuating cylinder, and 
electrical power was supplied to the trim control. The actuating cylinder moved and 
held the vane at the position indicated by the rotary trim control. 
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APPENDIX A - Concluded 


Input switch - When the input switch was in the off position, power was cut off from 
the frequency and amplitude controls so that they could be preset for a test without 
causing vane movement. When the switch was in the on position, power was supplied 
to the amplitude and frequency controls, which, in turn, caused hydraulic power to 
flow to the actuating cylinder, which moved the vanes. 

Emergency shutoff- reset - The reset push button, when depressed, released the 
latching relay which held the automatic system in the shutoff mode following an auto- 
matic shutdown. Pressing the button armed the automatic system for future operation. 

The following displays were included on the panel: 

’ Vane trim indicator - The vane trim indicator was activated when the master power 
switch was in the on position. When zero vane bending load was obtained, the pointer 
was at 0 and the vanes were trimmed at zero load, which was the trim desired at the 
beginning of a test. Positions between 0 and U or 0 and D indicated that the vane lead- 
ing edge was up or down, respectively, relative to the airstream. 

Safety shutoff warning load light - The shutoff warning load light indicated that one 
or more of the four automatic shutdown sensing units had sensed 80 percent of the load 
or accelerations required to shut the shaker system down. To extinguish the light, the 
amplitude or frequency settings had to be decreased. 

Safety automatic off light - The automatic off light indicated that one or more of the 
four automatic sensing units had sensed the limiting load or acceleration and that the 
shaker system was shut down. The vanes were then driven to the preselected trim 
position. The light stayed on until the reset button was depressed and the vane ampli- 
tude or frequency controls were set at values that did not trigger automatic system 
shutdown. 


Laboratory Tests 

The shaker vane system was tested in the laboratory mounted on a steel framework 
to insure structural and system integrity. A vibration test was conducted to determine 
the natural frequencies, mode shapes, and generalized masses of the system. These 
results were then used in a theoretical analysis to determine flutter limits. 

The system was loaded at a reference point just inboard of the left vane. Loadings 
were selected that induced shear, bending, and torque loads simultaneously. The 
loadings simulated critical load conditions, which were predicted for a Mach number 
of 0.95 and maximum vane angle. During these tests, calibrations and functional 
checkouts of the shaker system controls and displays were made. 
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APPENDIX B 

ANALYTICAL MODEL OF XB-70 STRUCTURAL RESPONSE 


Early Analysis 

Predictions of the structural response of the XB-70 airplane were based upon a 
dynamic model of the airplane which was defined by the selective use of quasi-steady 
and unsteady aerodynamics. The dynamic model included four primary symmetrical 
structural modes. The theoretical foundation of the analysis is included in reference • 

2; however, a brief description of the structural and aerodynamic factors used in the 
analyses is given in this appendix. 

S 

Structures. - The structure of the XB-70 airplane is described in the analytical 
model of reference 2 in the normal mode form. It was believed that the equations des- 
cribing the system could be handled more conveniently in this form. Before, the 
generalized mass and mode shapes of the airplane had been calculated for as many as 
14 normal modes over a wide range of weight conditions. Figure 27 shows the grid 
system for the normal mode sets that were used in the response analyses. Although 
in theory an infinite number of modes are needed before exact deflections can be ob- 
tained if a modal description of an elastic airplane is used, in practice something less 
is sufficient. Experience showed that four symmetric structural modes provided enough 
accuracy, so only four modes were used in reference 2. 

One flight condition was analyzed for structural mode activity at mode frequencies 
higher than the four structural modes used in the study of reference 3. To simplify the 
approach, it was assumed that five additional modes could be represented by equations 
in which aerodynamic coupling and the effects of aerodynamics on mode frequencies 
could be ignored. To check these assumptions, calculations were made for a lightweight, 
Mach 1.40 condition at an altitude of 12, 192 meters (40, 000 feet). 

Vehicle aerodynamics. — The predominant problem in vehicle aerodynamics involves 
describing the excitation of the total vehicle and its structure in response to atmospheric 
turbulence or pilot inputs. Of particular importance are the frequency dependence (or 
unsteadiness) characteristics of the aerodynamics. The flight conditions for which 
aerodynamic studies were made included the flight conditions listed in table 4. The 
studies investigated the effects of atmospheric turbulence at high subsonic and 
supersonic speeds. The generation of aerodynamic data at supersonic speeds was 
relatively straightforward, because aerodynamic lags were minimal and quasi- steady 
aerodynamic techniques were believed to be adequate. Furthermore, it was easy to 
compute the generalized aerodynamic force for the elevon surfaces at supersonic speeds; 
all the forces generated by elevon deflection were assumed to act on the elevon surface. 
At subsonic speeds, unsteady aerodynamics were used for the elevons, even though 
quasi- steady aerodynamics were used for the wing. The aerodynamic approach is 
described in detail in reference 2. 

Analytical model versus air vehicle . — As the design of an aircraft proceeds, the 
dynamic analysis must be updated to reflect the changes dictated by design compromises. 
However, the updating is usually incomplete because of its high cost, so that the final 
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analysis does not represent the airplane that is actually built. For this reason, the 
data used in the initial analyses of the flexibility of the XB-70 airplane did not accurately 
represent the flight-test vehicle. For example, the XB-70-1 airplane weighed approxi- 
mately 24,948 kilograms (55, 000 pounds) more than in the original specifications. This 
additional weight was structural rather than useful load, which resulted in a more rigid 
vehicle with higher frequencies than predicted. The mass characteristics, however, 
were monitored and recorded during the flight-test period. The combined effects of 
mass and structure were checked in ground vibration tests. Additional wind-tunnel 
data for the rigid airplane integrated aerodynamic characteristics were available over 
those used in the analysis of reference 3. It remained, however, to reconcile these 
data with past test data and then put these data in distributed loading form. The dis- 
tributed form was required in order to obtain the generalized aerodynamic data in the 
modes because of these rigid body loadings. ’ 

In an attempt to generate a more realistic analytical model of the XB-70-1 airplane, 
a survey was made to determine what data were available and to select appropriate 
procedures and techniques. 


Advanced Analytical Airplane Model 

This section describes the characteristics of the XB-70-1 airplane used in the up- 
dated analytical studies. 

Flight conditions . - Three flight conditions were selected for the refined analysis as 
being representative of the flights during which vehicle response data were recorded. 
These conditions are shown in table 3 for Mach numbers of 0. 87, 0. 86, and 1.59. 

Weight distribution . — To obtain mass distribution data that were in agreement with 
the XB-70 flight conditions, the weight changes made in the vehicle structure were up- 
dated. Changes of 22.68 kilograms (50 pounds) or greater for items such as fuel, 
water, equipment, and ballast were taken into account in the data used in the design 
analyses. The disposition of these items was determined at the exact time in flight 
that the other parameters were recorded. These data were determined from flight 
records of the total airplane weight, the location of the center of gravity, the moments 
of inertia, and the fuel remaining in each tank. The fuel weight was distributed in a 
grid system that was compatible with that used in processing the ground vibration test 
data. Weight was also distributed to specific control points as required by the struc- 
tural mode calculations. These new mass characteristics were used to obtain a set of 
mode shapes, frequencies, and generalized masses for the vibration modes of the entire 
vehicle. 

Structures . —New structural mode data were determined which reflected the vehicle 
Weight for the three flight conditions selected for analysis. The original symmetric, 
orthogonalized, measured ground vibration test modal data were used as the basis for 
the new technique of modal vibration analysis which became necessary. The original 
ground vibration tests were conducted for a condition of zero fuel and wingtip positions 
of 25° and 65° . The tests were performed with the vehicle mounted on soft spring air 
pillows through the landing gear. A digital computer program was used to remove the 
influence of the mounting constraints and to determine modal characteristics for a num- 
ber of fuel loads, specifically, 5 percent, 52 percent, and 100 percent of fuel loading 
capability. These shake -test-based modes gave indications of providing a much better 
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.description of the vehicle than the analytical description in reference 3. The ground- 
measured natural frequencies and generalized masses defined the structural stiffness 
of the basic vehicle. 

New equations of motion were written to determine the modal characteristics that 
existed with the three actual fuel loadings. These equations included a mass matrix 
which had off diagonal, or mass coupling, terms reflecting the fuel loading. An 
eigenvalue solution of the new equations of motion resulted in the definition of new free- 
free mode shapes, natural frequencies, and generalized masses. The new shapes were 
defined in a 97-point grid system which corresponded to the ground vibration test con- 
trol points. Data were calculated for nine wing-fuselage modes, four canard modes, • 
and three vertical stabilizer modes. These data were, in turn, interpolated and re- 
normalized for a grid system with 118 control points. Only the wing-fuselage modes 
were converted to the 118 control point system. All response calculations were based 
on data derived from the 118 control point set of modal data. 

The 97 and 118 control point grid systems are described in detail in reference 10. 
Corresponding structural frequencies, generalized masses, and tabulated data descrip- 
tions of the mode shapes are also presented. 

Aerodynamics. — The change with angle of attack of data for the aerodynamic force, 
moment, and distributed load of the rigid vehicle was reevaluated with respect to all 
available wind-tunnel data. The reevaluation showed that no change in the data used 
in the analyses of reference 3 was required. Although there were no changes in dis- 
tributed loads with angle of attack, aerodynamic derivative data from reference 3 are 
different from those shown herein because of differences in the location of the center of 
gravity and the characteristics of the mode shapes. Aside from these differences, the 
25° wingtip configuration data used in reference 3 had been assumed to be equivalent 
to the zero tip deflection data of reference 2. Actual 25° wingtip configuration data 
were used in the present analysis. 

The main change in aerodynamic force, moment, and distributed load data for the 
rigid vehicle was associated with the elevons. The data used in the reference 3 analyses 
assumed that elevon gaps had no effect on the aerodynamics. More complete elevon 
test data revealed that these gaps significantly affected control effectiveness. The 
analysis of the present study included these new data. 

Because of the structural mode shapes, the high subsonic quasi-steady aerodynam- 
ics of the wing were determined by using a lifting surface theory (vortex lattice, based 
on ref. 11). The corresponding data in reference 3 were determined by using a modi- 
fied strip theory. Similar wing data at a Mach number of 1. 59 were also determined 
by using lifting surface theory (Etkin Mach box, refs. 12 and 13). This approach does 
not take into account the wingtip deflection when determining mutual interference 
effects between Mach boxes. In effect, the structural deformations are referenced to 
a flat plane. Once the aerodynamic loading due to mode shape was determined for the 
wing with the flat plane as a reference, the loading on the deflectable tip was isolated. 
Because the tip was deflected 65° at a Mach number of 1.59, the component of the tip 
load due to structural deformation in the vertical plane was determined through the 
cosine relationship with the vertical axis. In this way it was possible to compute the 
tip contributions to the total normal force and the moment due to the mode shape. 
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To determine the effect of calculating the response characteristics of the wing by 
using unsteady aerodynamic theory, data were obtained for the lightweight, M = 0. 86 
flight condition. Unsteady aerodynamics are likely to be more pronounced at this 
Mach number than at any of the supersonic speed conditions for which flight- test data 
were available. For this reason, the Mach 0. 86 condition was studied. A digital pro- 
gram based on the theory of reference 14 was used. 

The aerodynamics of the elevons at the high subsonic conditions were unsteady for 
both the heavyweight and lightweight cases. Modified subsonic strip theory was used 
in accordance with the method explained in reference 2. The zero frequency (quasi- 
steady) elevon force, moment, and generalized modal force coefficients were ratioed 
to the force, moments, and generalized modal force coefficients obtained by using the 
previously mentioned rigid air vehicle data and load distributions. The elevon data 
at Mach 1.59 were quasi-steady. The structural generalized force coefficients for 
these data were computed by using pressure distributions based on static wind-tunnel 1 
data. • 

All aerodynamic data used in the present analysis are included in reference 10. 

Elevon response analyses . — The analytical model of the FACS is described in 
appendix C, in which the numerical details of the system used in this study for the high '• 
subsonic and Mach 1.59 conditions are explained. 

In the digital program that was used to obtain frequency responses with the FACS 
operating, there was no automatic way to coordinate the magnitude of elevon response 
with the amplitude characteristics of the nonlinear system dynamics. Consequently, 
an iterative scheme was used. If the assumed elevon amplitudes did not agree with 
assumed system dynamics, a new estimate was made and the elevon response was re- 
calculated. This technique was used to obtain the results presented in this report. 
However, completely converged solutions were not always obtained because of the 
computer time required. 

The frequency response of the outboard elevons due to inboard elevon deflection is 
shown in figure 28. The solid curves are constructed from data presented in reference 
3. They do not connect points of equal inboard elevon deflection as in reference 3, but, 
rather, pass through points of various inboard elevon deflections at the indicated fre- 
quencies. The inboard elevon deflections used to construct these curves were obtained 
from flight-test results. The curves were used to start the iterative process discussed 
previously. 

The dashed curves are estimates that best represent flight-measured quantities 
obtained by using the above described iterative technique. Only amplitude data could 
be obtained accurately from flight records. The phase characteristics were estimated 
by using the described iterative procedure that produced the best agreement between 
measured and computed amplitude characteristics. 

Table 6 compares flight-test data and analytical data obtained from the study at 
several points in the control system as well as at the pilot' s station. These data justify 
the dashed-line data in figure 28, since they provide the best analytical agreement with 
flight data. Because the solid-line data are based on ground vibration test measure- 
ments, it can be inferred that flight aerodynamic loads or some unidentified influences 
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changed the frequency response characteristics of the system. 

Control -surface responses . — The calculated frequency response of elevon action 
due to the operation of the flight augmentation control system per unit shaker vane in- 
put is shown in figures 29 to 31 for Mach numbers of 0.87, 0.86, and 1.59. As indi- 
cated in the description of the FACS operation, the FACS servo drives the inboard 
elevon and the motion of the inboard elevon activates the remaining elevon panels. For 
the flight conditions analyzed, panels 2 to 4 were activated, since the wingtips were 
deflected and the two outer panels were disengaged and centered. Because of the in-’ 
board and outboard panel arrangement, it was most convenient to monitor the inboard 
and outboard elevon motion separately in the analyses. . 


Structural mode damping . -When a dynamic system is lightly damped, the technique 
of reference 15, as expanded in reference 16, provides a useful analytical means of 
obtaining the damping (structural plus aerodynamic) in each structural mode. The tech- 
nique makes it necessary to evaluate the dynamic system characteristic determinant in 
the form of phase angle as a function of the 


forcing frequency. By plotting the data as 
shown in the adjacent sketch (only one 
structural mode is shown), it is possible . 
to obtain enough information graphically to 
determine the total damping. The natural 
mode frequency, <uj, and the phase angle 

slope with frequency, at the natural 

frequency are required. From the charac- 
teristic equation, 

ct. = 57. 3 4^ 
l d cp 

where ctj is the real part of the root of the 
characteristic equation as in (s + crj ±i(Jj) 


u, rad/sec 



and 



which has the same form as structural damping, g s .. 

The structural mode damping data determined from these studies are presented in • 
table 7. 


Symmetric structural mode characteristics . — The control point geometry for the 97 
point ground vibration test (GVT) modal data is shown in figure 32. The similar con- 
trol point geometry for the 118 point modal data is given in figure 27. Point 93 in the 
97 point GVT grid set is the normalizing point; point 118 is the normalizing point for 
the 118 point grid set. 
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The modal data for the 118 point grid were obtained by interpolating from the 97 
point GVT grid and renormalizing to point 118 from point 93. Linear interpolation 
between points was used; however, the interpolation scheme separated the wing surface 
from the elevon surfaces. Consequently, lines were not faired across the elevon hinge 
line. The change to the 118 point grid system was made because most existing XB-70 
aerodynamic digital programs utilized this larger grid system, and it was judged to be 
more efficient to use the existing programs than to reprogram to a 97 .point grid system. 
The existing digital programs use only deflection data; mode slope data are determined 
from internal curve fit routines. Because the linear interpolation Scheme can some-, 
times distort slopes, slope data required for other than, aerodynamic purposes were 
obtained manually. The 118 point data presented contain only those modes that are 
primarily wing-body modes in the 97 point grid system. These, modes are identified in 
table 8 for the heavyweight, lightweight, and mediumweight mode sets. Modal fre- 
quencies and generalized masses are also presented. 
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APPENDIX C 

ANALYTICAL DESCRIPTION OF FLIGHT AUGMENTATION CONTROL SYSTEM 

Two sets of transfer functions were used in describing the analytical model for the 
FACS. The first set described the motion of the inboard elevon, and the second set 
described the motion of the remaining three elevon segments. In the following analysis 
these transfer functions are developed in the format presented in tables 9, to 11, which 
present the actual numerical values used for the flight conditions analyzed. The de- 
velopment is general, but the specific numerical data used as an example are for the 
mediumweight, Mach 1.59 condition. 

The inboard elevon deflection is 


6 1 = 


10 


2500 


S + 10 1 \ s 2 + 2(0. 6) 50 S + 2500 


](s!°io) I %( K »z% ACS + K q%yro) 


«l' K hp ' 


2.5X10 5 


(s + 10) 2 (s + 30 db i40) J 


Kn~ n z 


z FACS 


+ K. 




TO 


Substituting for n y and gyro in terms of modal characteristics, 

l 


6i = 


K h r 2^X10^ 1 r v G (8)a+ / I kA , _y U I s 2 + 

p [(s+ lor(s+ 30 ± i40)J zB V s g / ^\ * / J 


where 

K h = 0. 62 
P 

K_ = 0. 104 rad/ g units 
11 z 

Kq = 2. 4 rad/ rad/ sec 

V Q = 470. 91 m/sec (1545 ft/ sec) 

l = 7. 92 m (26 ft) 

<pp <Pi from table 12 (FS 32. 61 m (1284 in. )) 
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Thus 


2. 5 x 10° 


6 = 0 . 6 2 

I (s+ 10)^8+ 30 ± i40) 


;] { -»• 104 ( J of) <»>“+ [»• 104 (-oi) s + “■ ,0, (%r-) + 2 - 4 ]< 


-[ ,i ' 1 i, 4 (t ^) 82 + 2 - 4 «" s ]ii 

- £o.104^^s 2 + 2. 4(0. 00252)s^J 7) 2 

- j^0.104^~ g^s 2 + 2.4(-0.0961 )sJt) 3 

- jV 104 ^ s 2 + 2. 4(-0. 00236)sj i 

- j^0.104 s 2 + 2.4(0. 0236 )sJt 7 5 j 


fij = 0. 


T 2.5^io 5 1r @© ® © 

0.62 ° -4.79(s)c* + 0.081(s+ 87.9)q 

(s+ 10)‘ i (s+ 30 ± i40) L ! 

_(t) ® 


+ 0. 00453(s)(s + 0 )jj 1 

© © © 

- 0. 000264 (s)(s + 22. 8 )t ) 2 


+ 0. 00205 (s)(s + 112)173 


QJ) Qj) Qj) 

+ 0. 0000492(s)(s + 113 ) t 7 4 


© © @ 

+ 0. 00118(s)(s - 46.4 )ij 5 
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In U. S. Customary Units these expressions are as follows: 


1545 
2 


— 2 2 -° - 5 - - '1 !-»• ‘"(gS-K* [«•»“(&) • - •• ™(w. 

[_(s + 10) (s + 30 ± i40)J { \ / |_ \ / ' 

-[°- 1M ( z ll 1 r) s2 + 2 ‘ 1(0,s ]’ | i 
'[ 0 ‘ 104 ( M ¥) s2 + 2,4(0 - 00077)s ] t) 2 

-[O.104( ^° ) s2 + 2.4(-0. 0293)sjr; 


s 2 + 2. 4(-0. 00072)s tj 4 


-jo. l« (~^“ 0 ) s 2 . 2. 4<0. 'Hl72)s 


t 


Therefore 


6i = o. 


0 

2.5 x 10 


0 . 62 f f ^ °- Tr 

|_(s + 10) 2 (s +30 ± i40)J L 

0 0 

00 0 

+ 0. 00138(s)(s + 0 )tj 1 

0 0 © 

- 0. 00u082(s)(s + 22.8)n 2 


5 ir 00 © © 

4.79(s)o'+ 0. 081(s + 87. 9)q 


(14) (15) (16) 
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+ 0. 000015(s)(s + 113)774 

0 0 0 
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The circled numbers are keyed to the data in table 10(a), which presents the computer 
printout of this data used in the analyses. ' ! 

f ■ ' 1 

The outboard elevon deflection transfer function is the same as the transfer function 

20 

for the inboard elevon except for an additional lag function, * 


6 2 _ 4 = 0.62 


[ 


5 x 10 C 


(s + ions + 20)(s +30 ± i40) 


][- 


4.79(s)q!+ 0.081(s + 87.9)q 


+ 0. 00453(s)(s + 0)^ 


- 0. 000264(s)(s + 22. 8)t? 2 


+ 0. 00205(s)(s + 112)t) 3 
+ 0.0000492(s)(s+ 113 )t7 4 
+ 0. 00118(s)(s - 46.4)tjJ 

hi U. S. Customary Units this expression is as follows: 

5 x IQ** 

(s + 10) 2 (s + 20)(s + 30 ± i40) 
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Table 10 presents the numerical data that describe the FACS for the mediumweight, 
Mach 1.59 condition. Tables 11 and 12 present similar data for the heavyweight, Mach 
0. 87 and lightweight, Mach 0. 86 conditions, respectively. 

It should be noted that the value of l used in this analysis (7. 92 meters (26 feet)), 
is from the early XB-70 design analysis, when the FACS accelerometer was at 
FS 29. 82 meters (1174 inches). During this investigation the FACS accelerometer 
was moved to FS 32,61 meters (1284 inches), so the actual value of l was 
10. 72 meters (35. 18 feet). Thus the calculated elevon deflections should be considered 
to be nominal, although the effect of the discrepancy on the calculated results is small. 
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TABLE 2 - CHARACTERISTICS OF THE SHAKER VANE INSTRUMENTATION AND PERFORMANCE AND MONITORING PARAMETERS 
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^VerticaJ fin station. 
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TABLE 7 - STRUCTURAL MODE DAMPING OF THE XB-70 















TABLE 8 - XB-70 SYMMETRIC FREE-FREE VACUUM VIBRATION 

MODE CHARACTERISTICS 
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TABLE 9 - COMPUTER PRINTOUT OF TRANSFER FUNCTION 
DATA FOR THE FACS 1 

jMediumweight, 6j = 65°, M= 1.59, hp = 11,918 m (39,100 ft), 
K),^ = 0. 62, K nz = 0. 104 rad/g, = 2.4 rad/rad/secj 


(a) Inboard elevon 


COMMCN COMPENSATION 
.© G A 1 N I GN > = 0.25COCE 0E 
NUMERATOR 


CENCMINATOR 

(T) NUMBER OF REAL ROOTS= 2 
-JJjlOOOOE 02 -C.ICCCCE C2 
( 3 ) NUMeER CF COMPLEX PAIR ROOTS* l 
^-0.30000E 02-0.40C0CE C2 

complex coefficient of feedback variable 


MCDE GAIN(GNK) 

1 (T)-0. AT9C0E Cl 

2 @0.0 loooe-ci 

3 (?) 0 . l3eOOE-C2 

~ ^a‘@-O.R200CE-C4 

5 © 0.62600E-C3 

6 © 0. 15000E-04 
T © 0.361C0E-C3 


ROOTS 


©c.c 



©-C.87SC0E 

02 


® C.C 

© C.C 


© c.c 

©-C.228CCE 

C2 

© C.C 

©-C.U2CCE 

C3 

©C.C 

©-C.113CCE 

03 

©c.o 

© C.4C4CCE 

C2 


(b) Outboard elevons 

COMMON COMPENSATION 

GA1NIGN1- 0.5000CE OT 

NUMERATOR 


CENOM INATOR 

NUMBER OF REAL ROOT S* 3 


rfl. 

tlflflflQE 02 -C. 

10CCCE C2 

-C.2GCCCE C2 


NUMBER CF COMPLEX 

PAIR ROOTS 

* j . 


-0 

. 30000E 02-0.40COCE 02 



COMPLEX COEFFICIENT 

OF FEEDBACK 

VARIABLE 


HCDE 

cainignri 

ROOTS 



l 

-0.47900E Cl 

C.C 

• * A • 


2 

0.8I000E-01 

-C.87SC0E 

C2 • " 


3 

0. 138C0E-C2 

C.O 

C.C 


A 

-0.82000E-G4 






C.C 

-Ci228CCE 

C2 

5 

0.6 2 600E-0 3 






c.o 

-C.1120CE 

03 

6 

0. 15000E-C4 

c.o 

-ovinccE 

C3 

■ 7 

~ 0.3E1C0E-C3 




c.c 

Ci'AtACCE 

C2 


*For expediency, this table is given only in U.S. Customary Unit*. . 1 . 



TABLE 10 - T COMPUTE : R PRINTOUT OF TRANSFER FUNCTION 
DATA FOR THE FACS 1 


^Heavyweight, 6 t = 25° , M = 0. 87, hp = 7620 m (25, 000 ft), 

K h = 0. 50, 1 

P 


L y | — OiOl, lip — I UtiU 111 , VVV n/ ; 

0, K„ z = 0.104 rad/g, = 2.4 rad/rad/ secj 
(a) Inboard elevon 


common COMPENSATION 
rainipni. n.xmnnp oa 
NUMER ATOR 
OFNOH IN ATOP 

NUMBER OF REAL ROOTS. 2 
-Q.innonF n ? --Q. iqqo oe. Q2 
NUMBER OF COMPLEX PAIR ROOTS* 1 
~0.30000F 02-0.40000E O? 

COMPLEX COEFFICIENT OF FEEDBACK VARIABLE 


HOPE 

1 

2 

3 

4 

5 

6 
7 


G41NIGNK) 
-0. 280008 01 

o.boiooe-oi 

0.81000E-03 

-0.97000E-04 

-fl*.17800E-02 

-0.97000E-04 

0.91000E-04 


ROOTS 

- 0.0 

-0. 6AR00E 02 
- 0.0 
- 0.0 ' 

- 0.0 

- 0.0 

- 0.0 


O. 36000E 01 
-0. 31500F 0? 
-C.12400E 03 
0. 731CCE 02 
0. 2 560CF 07 


(b) Outboard elevens 


COMMON COMPENSATION 

GAIN I GUI- Q..5QQQ0F <H_ 

NUMERATOR 


.GAitLLCNHJ 

1 -0.2B000E 01 


DENOMINATOR 

NUMBER OF REAL ROOTS* 3 

-O.IOOOOF 0? -iK.LOQQQR 02... ,.-0. 200QOE 02 

NUMBER OF COMPLEX PAIR ROOTS* l 
-0.30000E 02-0. 400P0E 02 

COMPLEX COEFFICIENT OF FEFOBACK VARIABLE 

ROOTS 

- 0.0 

-0.68900E 02 
- 0.0 
- 0.0 
- 0.0 
-c.o 
- 0.0 


0.80100E-01 

O.BIOOOE-03 


-0.97000 E— 04 
-0. 1 7 800E -02 


-0.97000E- 04 


: Q.91000E-04 


0.36.C0CE 01 
-0.31500E 02 
-0. 1240CF 03 
0.731CCE 02 
C.254CCE 02 


For expediency, this table is given only in U.S. Customajy Units. 



TABLE 11 - COMPUTER PRINTOUT OF TRANSFER FUNCTION 
DATA FOR THE FACS 1 

^Lightweight, 6 t = 25° , M = 0. 86, hp = 7620 m (25, 000 ft), 

Khp = 0. 50, K nz = 0. 104 rad/g, = 2.4 rad/rad/secj 

(a) Inboard elevon 

COMMON COMPENSATION 


GAINIGN)- C.3000CE C7 


NUMERATOR 

DENOMINATOR 

NUMBER OF REAL ROOTS- 3 
-0.10000E C2 -C. ICCC0E 02 -0. 

2CCCCE 02 


NUMBER OF COMPLEX PAIR ROOTS- 1 
-0.30000E 02-C.40CCCE C2 

COMPLEX COEFFICIENT 

OF FEEDBACK VARIABLE 


MODE GAINISNK) 

ROOTS 



1 -0.294COE 01 

2 O.8A3COE-01 

C.C 



3 0. 848C0E- 03 

-C.61SCOE 02 
C.C 

C.13700E 

01 

4 -0. 1 29COE— C3 

5 -O.780C0E-C3 

C.O 

-0.18600E 

02 

t -0.7100CE-CV 

C.C 

C.C 

-C.680C0E 
C. 72800 E 

02 

02 

7 0. 1 26CCE— C3 

C.C 

0. 1 8200 E 

02 

(b) Outboard elevons 



COMMON COMPENSATION 




GAINIGNI- C. 2 500 OE 

06 




NUMERATOR 


DENOMINATOR 

NUMBER OE REAL ROOTS- ? 

-0. 10000E 02 - 0. 1000CE Q2 

NUMBER OF COMPLEX PAIR POOTS- 1 
-0.30000E 02-0.40000E C2 


COMPLEX COEFFICIENT 

OF FEEDBACK 

VARIABLE 


MODE 

OAINIGNK) 

ROCTS 




l 

-0.294C0E 01 

C.C 




2 

0. 863CCE- 01 







-C.AISCOE 

02 



3 

0. 8 48C0E- 03 

C.C 


C.1370CE 

01 

A 

-0. 129COE-03 

C.C 


-C.1860CE 

02 

5 

-0.7ECCOE-C3 







C.C 


-0.68000E 

02 

6 

-0. 71000E-C4 







C.C 


0.72800E 

02 

7 

0. 12EC0F-C3 

C.C 


0. 18200 E 

02 


J For expediency, this table is given only in U.S. Customary Units. 
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TABLE 12 - MODE SHAPE CHARACTERISTICS AT 
SE LE CTE D LO CATIONS 

[Mediumweight, 6^. = 65°, M = 1. 59] 


Location 

Mode 

number 


. <p', rad/m (rad/ ft) 

Fuselage nose, 

1 

2.1200 


FS 4.95 m (194.75 in.) 

2 

-.1500 



3 

3.7300 



4 ; 

.0680 



5 

-.8600 


Pilot 1 s station, 

1 

1.2500 


FS 11.12 m (438 in.) 

2 

-.0650 



3 

1.1000 


; ' i 

4 

.2100 



5 

-.1500 


Nosewheel well, 

1 

-0.4200 

0 (0) 

FS 32.61 m (1284 in.) 

2 

.0250 

.00252 (.00077) 


3 

-.1900 

-.0961 (-.02930) 


4 

-. 0045 

-.00236 (-.00072) 


5 

-.1100 

.0236 (.00720) 

Near center of gravity. 

1 

-0.3817 


FS 37.72 m (1485 in. ) 

2 

. 0037 



3 

.2125 



4 

.0068 



5 

-.1529 


Wing accelerometer, 

1 

0/6000 


FS 56.18 m (2212 in.) 

2 

-.0600 



3 

-.9000 



4 

-.0550 



5 

-.4300 


Center of gravity, 

1 

-0. 2992 


FS 41. 99 m (1653 in. ) 

2 

-.0162 



3 

.4240 



4 

.0112 



5 

-.1190 
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Figure 1. XB-70-1 airplane. Supersonic configuration, 







Pilot 

input 



Figure 3. Block diagram of the XB-70 pitch flight augmentation control system. 

























FS 56.18 
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excitation. Dimensions in meters (inches). 


















J 



g per deg 
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.08 


.06 


.04 


.02 


0 2 


Figure 
exc 
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.06 





J I 

2 4 

f, cps 




(e) Left wing; FS 56.18 m (2212 in.), BP 7.11 m (280 in.). 



(f) Right wing; FS56.18 m (2212 in.), BP7.11 m (280 in.). 
Figure 7. Concluded. 
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An z 

.02 

6 s, 

g per deg 

0 

(e) 

Aft : 


.18 

.16 


.14 


.12 


An, 


.10 


sv 

9 Per deg 08 


.06 


.04 


.02 


0 


2 


f, 


(f) Left canard tip 


50 



2 


6 


8 


f, cps 

;; FS 56.18 m (2212 in.); BP 7.11 m (280 in.). 


2 4 6 8 

f . cps 

; FS 56. 18 m (2212 in. ); BP 7.11 m (280 in. ). 











(a) Fuselage nose; FS4.95 m (194.75 in.). 


Figure 9. Flight-measured.vertical acceleration response to shaker vane 
excitation. Mediumweight; M = 1.59; h p = 11,918 m (39,100 ft); 6t = 65°. 
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.04 



I l I — I I 

0 2 4 6 8 

f, cps 


(d) Center of gravity; FS 41. 99 m (1653 in. ). 



f, cps • 

(e) Aft fuselage; FS 51.70 m (2035.5 in.). 
Figure 10. Continued. 
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Analysis of 
reference 3 


g per deg 


(a) Heavyweight; M = 0. 87; hp = 7620 m (25, 000 ft); 6't = 25 u . 

Figure 11. Comparison of flight-measured vertical acceleration response to shaker vane 
excitation with response calculated by using the analysis of reference 3. Pilot' s station; 
FS 11.12 m (438 in.). 


70 









(d) Mediumweight; M = 2. 38; h p = 18, 898 m (62, 000 ft); 6t = 65° . 

Figure 11. Concluded. 
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(a) Heavyweight; M = 0. 87; hp = 7620 m (25, 000 ft); 6^ = 25 . 

Figure 12. Comparison of flight-measured vertical acceleration response to shaker 
vane excitation with response calculated by using the updated analysis and quasi-steady 
wing aerodynamic theory. Pilot* s station; FS 11. 12 m (438 in. ). 






f, cps 

(c) Mediumweight; M = 1.59; h p = 11; 918 m (39, 100 ft); 6t = 65°. 

Figure 12. Concluded. 
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(a) Fuselage nose; FS 4.95 m (194.75 in.). 

Figure 13. Comparison of flight-measured vertical acceleration response to shaker 
vane excitation with response calculated by using the updated analysis and quasi-steady 
wing aerodynamic theory. Heavyweight; M = 0. 87; h D = 7620 m (25, 000 ft); St = 25°. 







(a) Fuselage nose; FS 4.95 m (194.75 in.). 

Figure 14. Comparison of flight-measured vertical acceleration response to shaker 
vane excitation with response calculated by using the updated analysis and quasi-steady 
wing aerodynamic theory. Lightweight; M - 0. 86; hp = 7620 m (25, 000 ft); = 25°. 







(a) Fuselage nose; FS 4. 95 m (194.75 in. ). 

Figure 15. Comparison of flight-measured vertical acceleration response to shaker 
vane excitation with response calculated by using the updated analysis and quasi-steady 
wing aerodynamic theory. Mediumweight; M = 1. 59; hp = 11, 918 m (39, 100 ft); 5t = 65°. 
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(a) Fuselage nose; FS 4.95 m (194.75 in.). 

Figure 18. Vertical acceleration response to shaker vane excitation calculated by 
using quasi-steady aerodynamic theory without FACS. Updated analysis; medium- 
weight; M = 1.59; hp = 11, 918 m (39, 100 ft); 6* = 65°. 








Figure 19. Comparison of flight-measured vertical acceleration response to shaker 
vane excitation with response calculated by using unsteady wing aerodynamic theory. 
Updated analysis; lightweight; M = 0. 86; hp = 7620 m (25,000 ft); = 25°; pilot' s 

station; FS 11.12 m (438 in.). 




.20 


Quasi-steady wing 
aerodynamics 

Unsteady wing 
aerodynamics 



Figure 20. Comparison of vertical acceleration response to shaker vane 
excitation calculated by using quasi-steady and unsteady wing aerodynamics 
without FACS. Updated analysis; lightweight; M = 0. 86; hp = 7620 m 
(25,000 ft); 5 t = 25°. 
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(b) Pilot’ s station; FS 11.12 m (438 in. ). 
Figure 20. Continued. 
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Quasi-steady wing 
aerodynamics 

Unsteady wing 
aerodynamics 


r\ 


(a) Fuselage nose; FS 4. 95 m (194.75 in. ). 

Figure 21. Comparison of the vertical acceleration response to shaker vane excitation 
calculated by using quasi-steady and unsteady wing aerodynamics. Updated analysis 
with FACS. Lightweight; M = 0.86; h^ = 7620 m (25,000 ft); 6^. = 25°. 

H-713 105 







(c) Nosewheel well; FS 32. 61 m (1284 in. ). 
Figure 21. Continued. 


H-713 








Figure 22. Shaker vane system. 





—» Action of spring force (operates lock 

when hydraulic pressure is off) 


Figure 24. Schematic representation of shaker vane safety lock system. 
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Safety shutoff 
load light 


Press to test 


Vane trim 
indicator 


Safety automatic 
off light 

Input switch 


Vane incidence 
angle control 


Vane frequency control 



Master power 
switch 


Emergency shutoff - reset — 


Vane amplitude control 


Figure 26. Shaker vane . cockpit controls and display panel. 






: Based on data from reference 3 

Present study 



f, cps 

(a) Amplitude. 

Figure 28. Frequency response from inboard elevon to outboard elevons. 
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<p, deg 


Based on data from reference 3 

Present study 


i 



(bj Phase angle. 
Figure 28. Concluded. 


116 


H-713 




0 2 4 6 8 

f, cps. 

(a) Inboard elevon. ■ 



f, cps 


(b) Outboard elevons.' 

Figure 29. Elevon deflection due to shaker vane excitation. FACS operating; 
heavyweight; M = 0. 87; h p = 7620 m (25, 000 ft); 6 t - 25°. 
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Figure 32. Control point geometry for XB-70 97-point grid system 



Canard 


Point 

Fuselage 
station, 
m (in. ) 

Butt plane, 
m (in. ) 

1 

13.00(511.8) 

1. 65 (64. 8) 

2 

13. 96 (549. 8) 


3 

15. 52 (611. 1) 


4 

15.76 (620. 3) 


5 

16. 57 (652. 5) 


6 

13.42 (528.3) 

2. 38 (93. 7) 

7 

14. 18 (558. 2) 


8 

15.60(614) 


9 

15. 81 (622. 5) 


10 

16.52(650.4) 


11 

13. 90 (547. 3) 

3. 22 (126. 8) 

12 

14.43 (568) 


13 

15.68 (617. 3) 


14 

15. 87 (624. 9) 


15 

16.30 (641.9) 


16 

14. 44 (568. 5) 

4. 16 (163. 8) 

17 

15.01 (590.8) 


18 

15. 78 (621. 1) 


19 

15. 94 (627. 7) 


20 

16. 39 (645. 2) 



Vertical 

tail 


Point 

Fuselage 
station, 
m (in. ) 

Waterplane, 
m (in. ) 

21 

54. 33 (2139. 1) 

0. 96 (38) 

22 

56.13(2209.8) 


23 

58. 61 (2307. 5) 


24 

54. 85 (2159. 3) 

1. 89 (74. 5) 

25 

56. 78 (2235. 6) 


26 

58. 79 (2314.6) 


27 

55. 99 (2204. 5) 

2.86(112. 8) 

28 

57.48 (2262.8) 


29 

58. 98 (2322) 


30 

57.09 (2247.7) 

3. 80 (149. 6) 

31 

58. 14 (2288. 8) 


32 

59. 16 (2329) 


33 

58. 27 (2294) 

4. 80 (188. 9) 

34 

58. 83 (2316) 


35 

59. 33 (2336) 



(b) Canard and vertical tail. 
Figure 32. Concluded. 
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